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ABSTRACT: Great durability problems are being found in concrete structures related to the penetrability of 
aggressive agents through the concrete (ie. chloride penetration, sulphate attack, carbonation, freezing and 
thawing, and so on). Air permeability coefficient is used as an effective tool to estimate the potential durability 
of concrete structures due to its direct relation with the microstructure and the moisture content.
This paper discusses the effect of the aggregate grading and water/cement ratio on the air permeability coeffi-
cient. An aggregate grading with more sand than coarse aggregates has resulted more beneficial from the point 
of view of concrete air permeability. This fact can be attributed to a denser skeleton formed by the finer aggre-
gates. With fine aggregates, the higher water/cement ratio, the lower air permeability. However, the contrary was 
found with coarse aggregates. Overall, a temperature increase from 20 °C to 60 °C during preconditioning led 
to a Dair increase of 40–80%.
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RESUMEN: Efecto de la granulometría de los áridos en la permeabilidad al aire del hormigón. Se han encontrado una 
gran cantidad de problemas de durabilidad de estructuras de hormigón relacionados con la penetración de agentes 
agresivos externos (es decir, penetración de cloruros, ataque por sulfatos, carbonatación, hielo-deshielo, etc.). El 
coeficiente de permeabilidad al aire se utiliza como una herramienta eficaz para estimar la durabilidad potencial de 
las estructuras de hormigón debido a su relación directa con su microestructura y contenido de humedad.
Se discute el efecto de la gradación de los áridos y relación agua/cemento en el coeficiente de permeabilidad al 
aire. Con áridos más finos que gruesos, el resultado es más beneficioso, lo que se atribuye a que la arena forma 
un esqueleto más denso. Con áridos más finos, al aumentar la relación agua/cemento, disminuye la permeabi-
lidad al aire; pero con áridos más gruesos se ha observado lo contrario. Cuando se pre-acondiciona de 20 °C a 
60 °C, se produce un aumento del Dair del 40–80%.
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1. INTRODUCTION
Long-time performance of concrete is consi-
dered currently as an important topic which has 
promoted an increasing study of the parameters 
related to its durability and the testing methods for 
its determination as in the case of air permeability. 
Compressive strength has been considered for long 
as the only indicator of durability. However, several 
authors have demonstrated that air permeability and 
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compressive strength are independent properties of 
concrete (1, 2).
Volume of pores in aggregates is normally about 
10% than that of the cement paste. However, its size 
is considerably larger. Thus, the size and gradation 
of aggregates in the concrete can have an impor-
tant effect in its air permeability (3). Moreover, the 
cement paste-aggregate interface is a week point 
for microcracking and subsequent increase of air 
permeability, that is, cracks around aggregates 
promoted by volume changes of the cement paste 
increases the concrete air permeability (4, 5). As 
consequence, the permeability of concrete is nor-
mally about 100 times greater than the permeability 
of cement paste (6). Also, it has been reported that 
air entrainment increases air permeability (7).
Therefore, factors related to the production of 
concrete affect significantly its air permeability, 
i.e., mix proportioning (aggregate grading), casting 
and so on. In particular, the distribution of sizes of 
aggregates, cement and additions influences as well 
as water-cement ratio and degree of hydration on 
the concrete air permeability. The packing of all 
these components will result in a more or less pres-
ence of voids to refill by hydration products, par-
ticularly in the interfaces between the aggregate 
and paste (8, 9). The increase of air permeability 
with temperature is attributed to dilation of porous 
structure of the material (10) as result of changes 
in the microstructure of the calcium-silicate-hydrate 
reaction product (11).
Consequently, apart from the porosity of the 
cement paste in the concrete, it is also necessary to 
take into account the presence of aggregates which 
are sometimes not randomly distributed, and the 
transition zone between these and the cement paste.
In the present work, the objective is to study the 
influence of the aggregate grading in the concrete 
mix on its air permeability.
2. EXPERIMENTAL
2.1. Mix Design
Concrete specimens of Ø 15×30 cm3 made of a 
common Portland cement CEM I 42.5 N according 
to EN 197-1:2011 (12, 13) were elaborated using four 
cement contents of 434, 382, 340 and 307 kg/m3 and 
the water content was fixed to 160 dm3. Therefore, 
the water/cement ratios tested were of 0.37, 0.42, 
0.47 and 0.52, respectively. These aggregates were 
combined in order to get two different gradings: fine 
and coarse. The sieve analysis is plotted in Figure 1. 
The aggregate content was: SAND: 628 kg/m3; 
PEBBLE: 842 kg/m3 and GRAVEL: 372  kg/m3, 
for the finer grading and SAND: 355 kg/m3; 
PEBBLE: 590 kg/m3 and GRAVEL: 900 kg/m3, for the 
coarser one.
The series of sieves used was: 0.15 mm, 0.23 mm, 
0.60 mm, 1.22 mm, 2.35 mm, 4.70 mm, 9.11 mm, 
18.60 mm and 38.10 mm. The principles involved 
in separation of size by sifting are generally famil-
iar. The grading corresponding to a Fuller aggregate 
distribution is also shown for comparison. The fine 
aggregate sample fitted better to the theoretical one 
of Fuller in the range from 0.60 to 4.7 mm; whereas 
the coarse one fitted better between 9.11 and 38.1 
mm. After a curing at 100% RH for 24 hours, the 
specimens were preconditioned at 20 °C and 60 °C 
in an oven up to constant weight. These concretes 
can be classified as C30 according to the concrete 
European standard EN 206-1.
2.2. Testing procedure
The experimental apparatus to measure air per-
meability in concretes has been described previ-
ously (14, 15). The air flow, Q (m3·s−1) was recorded 
in steady-state conditions and transferred to nor-
mal conditions. The air permeability coefficient, 
Dair (m
2), was calculated according to the Hagen-
Poiseuille equation [1] for a laminar flow of a com-
pressible fluid through a porous material:
 h= × ×
−
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Q
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P
A P P
2
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o
a
2 2  [1]
Where the inlet pressures, P, were 128,040; 
154,715; 181,390 and 280,065 N·m−2 and the out-
let and measuring pressures, Pa and P0 respectively, 
were equal to the atmospheric pressure. The circular 
passing surface, A, was of 0.005 m2 and the speci-
men thickness, L, was 0.07 m. The air at 20 °C has 
a value of dynamic viscosity, h, of  1.8 10−5 N·s·m−2.
3. RESULTS
Figure 2 shows the air permeability coefficient 
for the eight concretes studied (four water/cement 
ratios × two aggregate gradings). These values cor-
respond to the mean values of six samples which 
coefficients of variation are shown in Figure 3. It is 
noticeable that the coefficient of variation does not 
follow any tendency. 
Figure 4 shows the relationship between the air 
flow rate and the applied pressure ratio P2−Pa
2. 
The calculated air permeability coefficient, Dcalc, 
is obtained from the slope of these straight lines 
(Figure 5) in which a good correlation has been 
found in all the cases (r2>0.99). Finally, both of 
the air permeability coefficients that calculated by 
means of equation [1], Dair, and this one obtained 
from the slope of Figure 4, Dcalc, are compared 
in Figure 6. It is noticeable the good agreement 
between them in spite of coefficients of variation 
about 40% in some cases.
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Figure 1. Sieve analysis of concrete mix aggregates: coarse and fine grading.
Figure 2. Air permeability coefficient versus water-cement ratio for two aggregate gradings  
and two preconditioning temperatures of 20 °C and 60 °C.
Figure 3. Coefficient of variation in percentage of air permeability coeffcient, Dair.
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Figure 4. Relationship between the air flow rate and the applied pressure ratio, P2−Pa
2.
Figure 5. Calculated air permeability coefficient, Dcalc, at two temperatures and four water-cement ratios.
Figure 6. Air permeability coefficient, Dair, versus the calculated air permeability coefficient, Dcalc.
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4. DISCUSSION
As it is well-known, a concrete made using well-
graded aggregates tend to be denser than another 
one made of poorly-graded aggregates (16), and 
also air entrained voids increases gas permeability 
(7). The results indicated that as the proportion of 
larger size aggregate increases in the mix, the air 
permeability increases. According to Basheer et al. 
(17), this fact is a consequence of the increase of 
the local porosity at the interfacial transition zone 
and could be explained because there is a reduction 
in the tortuosity of the flow path, which tends to 
increase the air permeability, and also because the 
possibility of the bleed water getting collected below 
the coarse aggregate increases (17). Cabrera et al. 
(18) concluded that the shape and surface texture of 
fines particles has a great impact on concrete and 
mortar rheology, observable in the increase in water 
demand in crushed sand compared to natural sand 
concretes. They also suggest that a 28% vol. more 
paste in crushed sand is needed to reduce the inter-
particle friction. Martín-Morales et al. (19) and 
Medina et al. (20), studied recycled concrete, where 
natural coarse aggregate was substituted by recycled 
construction and demolition waste and ceramic 
aggregate, respectively. Both of them decided to 
used natural sand to obtain a good workability in 
fresh state and a better durability when it is hard-
ened. Nevertheless, the two gradings considered in 
this investigation do not fit well to the theoretical 
pattern proposed. The high amount of small aggre-
gates in the fine case leads to a better compactation, 
and hence, to a more dense and impermeable mate-
rial as shown in Figure 2.
As expected, Dair increases with the water-
cement ratio, but only when a well-graded concrete 
is tested. On the contrary, the coarse cases pres-
ent a slightly decreasing of  Dair from water-cement 
ratios of  0.35 to 0.40 which is a consequence of 
a better compactation when a higher amount 
of  water is used. The absence of  fine aggregates 
(Figure  1) lead to a less workable mixture, and 
therefore, the final material present a more porous 
microstructure and then a higher air permeability 
coefficient (Figure  2). In addition, from water-
cement ratios of  0.40 to 0.55, that coefficient 
remains almost independent of  the water-cement 
ratio. According to Bermejo et al. (21), porosity 
values are not enough to differentiate air perme-
ability performance of  concrete. By contrast, mean 
pore diameter and pore size distributions have a 
greater effect on transport mechanisms. However, 
they found that compressive strength declined 
where the penetration depth of  water under pres-
sure was deepest.
With regard to the coefficient of variation 
(Figure 3), Bhargava and Banthia (22) recommend 
to compare permeability data based on ratios due to 
the large variability normally associated with perme-
ability results. The scatter between the permeability 
values obtained by Lafhaj et al. (23) did not exceed 
30% and they concluded that this result show that 
the air permeability testing can be considered as an 
efficient tool to provide good permeability values.
In the calculated air permeability coefficient from 
Figure 4, Dair, the same increasing trend is observed 
in the fine aggregate grading case, whereas in the 
coarse case is discontinuous. This behaviour suggests 
that the Dair is independent of the water-cement ratio 
or at least cannot be either estimated accurately or 
predicted in function of the water-cement ratio.
Results from Figure 5 can be considered as reli-
able because the theoretical hypothesis of the model 
used, equation [1], of laminar flow has been checked 
by Pereira (24). Then, the permeability data consti-
tute an accurate indication of concrete quality (25).
A preconditioning of 20 °C and water/cement 
ratio showed the maximum resistance to air perme-
ability (Figure 5). The lowest water/cement ratio 
provided the lowest porosity when more fine aggre-
gates are used in the concrete mix for both precondi-
tioning temperatures (20 ° and 40 °C). However, no 
specific relationship is seen between air permeability 
and water/cement ratio when coarser aggregates are 
used in the concrete mix (Figure 5).
Dried-out concrete at 40 °C feature the highest 
air permeability coefficient (Figure 5). This fact can 
be explained because when the moisture content in 
the concrete specimen is increased, pores are par-
tially filled and do not allow the air to enter. When 
coarser aggregates are used, these differences are 
getting lower and the water content in the concrete 
specimens influence on the value of the air perme-
ability coefficient, Dair, starts prevailing (Figure 5).
The good agreement between the Dair and Dcalc 
obtained from the slope of the lines plotted in Figure 
4 indicates that the coefficients of variation obtained 
(Figure 3) can be considered technically acceptable. 
Only two cases present significant differences, both of 
them made of coarse grading aggregate and having a 
water-cement ratio of 0.47 which were preconditioned 
at 20 °C and 60 °C (16% and 21%, respectively). The 
rest of the specimens gave a good agreement.
5. CONCLUSION
An excess of fine aggregates with relation to the 
Fuller curve gives a more dense material than when 
the excess is of coarse ones. Therefore, in a non-
well graded aggregate distribution it is preferable a 
higher amount of fine aggregates than coarse ones. 
However, it is always recommendable to dosage a 
proper amount either of fine and coarse aggregates 
in order to get an optimum compactation.
In both cases studied, a preconditioning from 
20 °C to 60 °C lead to an increase of Dair ranged 
between 40 to 80%. In contrast, the air permeability 
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coefficient in the fine case increases with the water-
cement ratio, whereas in the coarse case with less 
sand content do not follow a clear relationship with 
this parameter.
Finally, the method for studying air permeability 
of concrete has given reliable results. However, it is 
recommended to test several samples in order to get 
accurate results due to the high coefficient of varia-
tion which may be obtained.
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